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(54) Digital signal processing 

(57) Digital signal processing (e.g. filtering) appara- 
tus comprises pipelined digital signal processing means 
for generating each output sample of an output digital 
signal from input samples of an input digital signal by 
combining the input sarrples with a plurality of subsets 
of a set of filter coefficients associated with that output 
sample during a respective plurality of sample periods of 
the input digital signal; and coefficient generating means 

170_ 



for supplying sets of filter coefficients to the signal 
processing means in response to the current state of a 
filter control signal. The coefficient generating means is 
operable to supply the plurality of subsets of each set of 
filter coefficients to the signal processing means during 
the respective plurality of sample periods of the input dig- 
ital signal. 
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Description 

This invention relates to digital signal processing. 

Digital signal processing devices, such as digital fil- 
ters, are used to perform signal processing operations 
on digital representations of sampled analogue signals 
such as audio signals. A typical application of such a 
device for use with a digital audio signal is to provide a 
frequency-dependent gain adjustment, such as a low- 
pass, band-pass or high-pass filtering operation. 

Figure 1 is a schematic diagram of a previously pro- 
posed digital filtering apparatus in which the character- 
istics (e.g. frequency response or gain) of a digital filter 
are dependent on the position of a user -operated control, 
such as a potentiometer. The apparatus of Figure 1 may 
form part of, for example, a digital audio mixing console. 

In Figure 1 , the analogue position of a potentiometer 
10 is detected by a position encoder 20. The position 
encoder 20 generates a digital position signal 25 repre- 
senting the position of the potentiometer 10 at regular 
intervals determined by clock pulses of a sampling clock 
signal 28. The digital position signal 25 is then passed 
to a coefficient generator 30 which produces successive 
sets of filter coefficients 35 (to be convolved with samples 
of a digital audio signal) in dependence on the current 
value of the digital position signal 25. Similar position 
sampling operations are performed in parallel by further 
position encoders (e.g. an encoder 21) based on the 
positions of further potentiometers (e.g. a potentiometer 
11). 

In order to produce the required filter coefficients, 
the coefficient generator 30 is programmed with data 
representing the function assigned to the potentiometer 
10. For example, the potentiometer 10 may be a simple 
"gain" control, in which case the coefficient generator 30 
generates a set of coefficients 35 which map an incre- 
ment or decrement in the digital position signal 25 onto 
a corresponding increment or decrement in the gain of 
a digital filter using those coefficients 35. The coefficient 
generator 30 generates a new set of coefficients 35 at 
regular intervals, being synchronised by clock pulses of 
a coefficient update clock 38. 

In the example shown In Figure 1 . the coefficient 
generator in fact generates more than one set of coeffi- 
cients at a time, with each set of coefficients (e.g. a set 
36) corresponding to the output of a respective position 
encoder. 

The successive sets of coefficients 35 are supplied 
to a signal processor 40 which receives an input digital 
audio signal 42 (e.g. a 44.1 kilohertz or 48 kilohertz 16 
bit digital audio signal) and. using the current set of coef- 
ficients 35. generates an output filtered digital audio sig- 
nal 44. For reasons which will be explained below, some 
of the coefficients 35 are delayed within the signal proc- 
essor 40 by a delay element 46. The signal processor 
also receives the further sets of coefficients 36 etc. and 
performs further processing of the input digital audio sig- 
nal 42 using those sets of coefficients. 



Figure 2 is a schematic diagram illustrating the oper- 
ation of the signal processor 40 of Figure 1. 

The signal processor 40 is a pipelined processing 
device. This means that the signal processor 40 receives 

5 a sample of the input digital audio signal 42 in each sam- 
ple period of the digital audio signal and supplies an out- 
put sample of the output digital audio signal 44 at each 
sample period. However, the processing required to gen- 
erate an output sample is performed over the course of 

10 more than one sample period. This pipelined arrange- 
ment is represented schematically in Figure 2. in which 
time is represented along the horizontal axis and a 
number of discrete processing streams within the signal 
processor 40 (e.g. separate central processing units or 

15 CPUs operating in parallel) are represented on the ver- 
tical axis. 

In Figure 2 the processing applied to a particular 
input sample (sample "n") is represented by shaded por- 
tions 50. 52 and 54. When sample n is received by the 

20 signal processor 40. it Is initially processed at various 
times during a first sample period in a subset of the 
processing streams represented by the shaded portion 
50. In the following sample period the processing of sam- 
ple n is represented by the shaded portions 52 (the por- 

25 tion 50' in the second sample period illustrated being 
used to process the next sample n+1). Finally in the third 
sample period illustrated in Figure 2, the processing con- 
tinues as represented by a shaded portion 54. before the 
filtered sample n is output by the signal processor 40. 

30 Figure 3 is a schematic diagram of an infinite 
impulse response (MR) digital filter which may be embod- 
ied in the signal processor 40. This type of filter is con- 
ventional and is described in. for example, the book 
"Digital Signal Processing" (Proakis and Manolakis. 

35 MacMillan Publishing Company, 1 992). In this type of fil- 
ter, an input signal is delayed by successive delay ele- 
ments (Z"i) with the output of various "taps" in the 
change of delay elements being multiplied by respective 
filter coefficients c1-c5. The results of the multiplication 

40 stages are summed by an adder 60 to generate the fil- 
tered output signal. 

When a filter of the type illustrated in Figure 3 is 
implemented in a pipelined signal processor 40 of the 
type described above, constraints on the number of 

45 processing operations which can be performed during a 
single sample period often mean that It is impossible to 
schedule all of the multiply operations used in the gen- 
eration of a single filtered output sample (i.e. using a sin- 
gle set of coefficients such as the set 35) to take place 

50 during the same sample period. This situation is illus- 
trated in Figure 4. which is a further schematic timing 
diagram illustrating the operation of the signal processor 
40 of Figure 1 . 

In Figure 4, the five multiply operations required to 

55 implement the filter of Figure 3 are split between two suc- 
cessive sample periods 70. 72. In particular, the multiply 
operations for coefficients c1-c3 of a particular coeffi- 
cient set are implemented in the sample period 70 and 
the multiply operations for the coefficients c4 and c5 of 



:ID: <EP_0703S64A1 J_> 



EP 0 703 564 A1 



that same coefficient set are implemented in the sample 
period 72. 

When the filter response has to be changed (e.g. 
because the potentiometer 10 has been moved by the 
user), it is important that all of the filter coefficients c1 to 
c5 are changed for effectively the same output audio 
sample, so that the situation does not arise that half of a 
filtering operation is carried out using one version of a 
particular set of coefficients and half using an updated 
version of that set. However, the coefficient generator 30 
generates a complete set of coefficients 35 in parallel 
and at the same time, so this has meant that in the pre- 
viously proposed apparatus of Figure 1 a subset of the 
coefficients has to be delayed so that a particular filtering 
operation can be completed using a single version of the 
set of coefficients 35. 

In Figure 4. this situation is illustrated schematically 
in that a clock pulse (CU) of the coefficient update clock 
38 occurs between the sample period 70 and the sample 
period 72. This means that the current set of coefficients 
35 output by the coefficient generator 30 during the sam- 
ple period 70 is. say, coefficient set (version) n and the 
set of coefficients output during the sample period 72 is, 
say, a different coefficient set (version) n+1 . The multipli- 
cations by coefficients c1 to c3 take place using the coef- 
ficient set n during the sample period 70. However, in 
order that the remaining multiplications (by c4 and c5) 
are performed using coefficient set n rather than coeffi- 
cient set n+1. the coefficients c4 and c5 have to be 
delayed during the sample period 70 for use during the 
sample period 72. 

The situation described above, in which the coeffi- 
cient generator 30 generates a plurality of complete sets 
of coefficients 35, 36 together and in parallel but some 
of those coefficients have to be delayed by the signal 
processor 40 for use in subsequent sample periods, is 
wasteful of the available processing resources because 
(a) the coefficient generator 30 is working needlessly 
fast, and (b) the Implementation of the delay within the 
signal processor occupies a part of the limited process- 
ing and memory resources of the signal processor 40. 

This invention provides digital filtering apparatus 
comprising: 

pipelined digital signal processing means for gen- 
erating each output sample of an output digital signal 
from input samples of an input digital signal, by combin- 
ing the input samples with a plurality of subsets of a set 
of filter coefficients associated with that output sample 
during a respective plurality of sample periods of the 
input digital signal; and 

coefficient generating means for supplying sets of 
filter coefficients to the signal processing means in 
response to the current state of a filter control signal; 

in which the coefficient generating means is oper- 
able to supply the plurality of subsets of each set of fitter 
coefficients to the signal processing means during the 
respective plurality of sample periods of the input digital 
signal. 



The invention addresses the problems described 
above by supplying or generating the subsets of a set of 
filter coefficients required by a pipelined digital signal 
processor in the correct sample periods for each subset. 

5 This avoids the need for the signal processor to receive 
all of the coefficients of a subset at the same time and 
then to have to delay some of the coefficients. 

It is preferred that the filter control signal results from 
a user's input (e.g. by moving a gain control linear or 

10 rotary potentiometer). Accordingly. It is preferred that the 
apparatus comprises a filter control input device having 
a user-adjustable position or orientation; sampling 
means for sampling the position or orientation of the 
input device; and means for generating the filter control 

15 signal in dependence on a current sampled position or 
orientation of the input device. 

A further problem in the type of filtering apparatus 
described with reference to Figures 1 to 4 is the fact that 
the sampling clock signal 28 and the coefficient update 

20 dock 38 are not synchronised. This can lead to alias 
effects between the sampling times and the coefficient 
update times, causing potentially audible artifacts (when 
the data to be filtered are digital audio data). In order to 
avoid this problem, it is preferred that the sampling 

25 means is operable to sample the position or orientation 
of the input device in response to clock pulses of a clock- 
ing signal; and the coefficient generating means Is oper- 
able to generate sets of coefficients In response to the 
clock pulses of the clocking signal (i.e. the same clocking 

30 signal as that controlling the sampling means). 

Another feature of the apparatus of Figures 1 to 4 Is 
that the coefficient generator 30 has to generate all of 
the sets of coefficients together. In order to alleviate the 
processing load imposed by this arrangement, it is pre- 
ss ferred that the plurality of sets of coefficients are in fact 
generated in staged groups of sets. To this end it is pre- 
ferred that the apparatus comprises a plurality of the filter 
control input devices; and that: the sampling* means is 
operable to sample the position or orientation of each of 

40 the filter control input devices; the means for generating 
is operable to generate a plurality of filter control signals, 
each in response to a current sampled position or orien- 
tation of a respective one of the filter control input 
devices; and the coefficient generating means Is opera- 

45 ble to generate a plurality of sets of filter coefficients in 
response to respective filter control signals and in 
response to each clock pulse of the clocking signal, the 
sets of filter coefficients being generated in at least two 
successive groups of sets. 

50 Preferably the filter control signal is indicative of a 
required frequency response of the digital filtering appa- 
ratus, and/or indicative of a required gain of the digital 
filtering apparatus. 

Viewed from a second aspect this invention provides 

55 digital filtering apparatus comprising: 

a filter control input device having a user-adjust- 
able position or orientation; 

sampling means for sampling the position or ori- 
entation of the input device in response to dock pulses 
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of a clocking signal; 

coefficient generating means for generating sets 
of filter coefficients in dependence on the sampled posi- 
tion or orientation of the input device and in response to 
the clock pulses of the clocking signal; and 

digital signal processing means for generating 
output samples of an output digital signal from input sam- 
ples of an input digital signal using the filter coefficients 
generated by the coefficient generating means. 

Viewed from a third aspect this invention provides a 
digital signal processing apparatus comprising: 

a plurality of control input devices, each having a 
user-adjustable position or orientation; 

sampling means operable to sample the position 
or orientation of each of the control input devices; 

means for generating a plurality of control signals, 
each in response to a current sampled position or orien- 
tation of a respective one of the control input devices; 

coefficient generating means operable to gener- 
ate a plurality of sets of processing control coefficients 
in response to respective control signals and in response 
to each clock pulse of a clocking signal, the sets of 
processing control coefficients being generated in at 
least two successive groups of sets; and 

signal processing means for processing an input 
digital signal in response to the sets of processing control 
coefficients, to generate an output digital signal. 

In this aspect, the "sets" of coefficients could indeed 
be single coefficients, perhaps representing a multiplica- 
tive gain control coefficient. 

The invention is particularly suitable for use when 
the input digital signal is a digital audio signal; and the 
output digital signal is a digital audio signal. 

A particularly appropriate application for apparatus 
according to the invention is an audio mixing console. 

Viewed from a fourth aspect this invention provides 
a method of digital filtering comprising the steps of: 

generating each output sample of an output digital 
signal from input samples of an input digital signal by 
combining the input samples with a plurality of subsets 
of a set of filter coefficients associated with that output 
sample during a respective plurality of sample periods of 
the input digital signal; and 

supplying sets of filter coefficients to the signal 
processing means in response to the current state of a 
filter control signal; 

in which the plurality of subsets of each set of filter 
coefficients are supplied to the signal processing means 
during the respective plurality of sanrple periods of the 
input digital signal. 

Viewed from a fifth aspect this invention provides a 
method of digital filtering comprising the steps of: 

sampling the user-adjustable position or orienta- 
tion of a filter control input device in response to clock 
pulses of a clocking signal; 

generating sets of filter coefficients to the signal 
processing means in dependence on the sampled posi- 
tion or orientation of the input device and in response to 
the clock pulses of the clocking signal; and 



generating output samples of an output digital sig- 
nal from input samples of an input digital signal using the 
filter coefficients generated by the coefficient generating 
means. 

5 Viewed from a sixth aspect this invention provides a 

method of digital signal processing, comprising the steps 
of: 

sampling the user-adjustable position or orienta- 
tion of a plurality of control input devices; 
10 generating a plurality of control signals, each in 

response to a current sampled position or orientation of 
a respective one of the control input devices; 

generating a plurality of sets of processing control 
coefficients in response to respective control signals and 
75 in response to each clock pulse of a clocking signal, the 
sets of processing control coefficients being generated 
in at least two successive groups of sets; and 

processing an input digital signal in response to 
the sets of processing control coefficients, to generate 
20 an output digital signal. 

An embodiment of the invention will now be 
described, by way of example only, with reference to the 
accompanying drawings, throughout which like parts are 
referred to by like references, and in which: 

25 

Figure 1 is a schematic diagram of a previously pro- 
posed digital filtering apparatus; 
Hgure 2 is a schematic timing diagram illustrating 
the operation of a pipelined signal processor in the 

30 apparatus of Figure 1 ; 

Figure 3 is a schematic diagram of an Infinite 
impulse response digital filter; 
Figure 4 is a schematic timing diagram illustrating 
the operation of the apparatus of Figure 1 ; 

35 Figure 5 is a schematic diagram of a digital filtering 
apparatus according to an embodiment of the inven- 
tion; and 

Rgure 6 is a schematic timing diagram illustrating 
the operation of the apparatus of Figure 5. 

40 

Figure 5 is a schematic diagram of a digital filtering 
apparatus according to an embodiment of the present 
invention. This apparatus forms part of one audio chan- 
nel of a multi-channel digital audio mixing console. 
45 In the apparatus of Figure 5. user-operated potenti- 
ometers or sliders 10'. 11'. similar to the potentiometers 
10. 11 of Figure 1, are connected to position encoders 
20*. 21' (again, similar to the position encoders 20, 21 of 
Figure 1). 

50 The position encoder 20' generates a digital position 
signal 25' which Is supplied to a coefficient generator 
130. In contrast to Figure 1, however, the position 
encoder 20' and the coefficient generator 130 are under 
the control of a single clock signal, namely a coefficient 

55 update clock signal 138, This means that the scanning 
and sampling of the position of the potentiometer 10 is 
synchronised with the generation of new sets of filter 
coefficients by the coefficient generator 1 30. This avoids 
the audible artifacts described above which can occur 
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when the position encoding is asynchronous with coef- 
ficient generation. 

The position encoder 21* also generates a respec- 
tive digital position signal in response to the dock signal 
1 38. However, the coefficient generator generates a set 5 
of coefficients corresponding to the output of the encoder 
21' in response to a delayed version of the clock signal 
138. supplied by a delay element 139. In this way. the 
coefficient generator 130 outputs two successive groups 
of coefficient sets, to reduce the instantaneous process- 
ing requirements of the coefficient generator 130. 

Naturally, it will be appreciated that in the case of a 
simple multiplicative gain control, a "set" of coefficients 
may comprises only one coefficient. In this case, the 
processing applied to the input signal may be referred to /s 
simply as "digital signal processing", rather than as "fil- 
tering". Similarly, it will be appreciated that the input 
devices 10'. IV may be simple switches or buttons, 
whose position is regularly sampled by the position 
encoders 20*. 21'. 20 

The generation of successive groups of the coeffi- Claims 
cient sets has been described above. These groups 
might be generated, for example, 500 audio sample peri- 1 , 
ods apart and relate to different processing operations 
and input devices. The following description refers to a 2s 
different feature of the apparatus of Figure 5, namely the 
staged generation of a single set of coefficients, to avoid 
the need to delay the coefficients within the signal proc- 
essor 140. 

In contrast to the coefficient generator 30 of Figure 30 
1 , the coefficient generator 1 30 supplies at least two sub- 
sets of a set of coefficients required for a filtering opera- 
tion to a pipelined signal processor 140 (in response to 
the digital position signal 25'). A first subset of coeffi- 
cients 134 is supplied immediately following a clock 35 
pulse of the coefficient update clock 1 38 and represents 
those coefficients (in the present examples. c1 to c3) for 
which multiply operations are carried out in the first of a 
group of sample periods. The other subset 136 illustrated 
in Figure 5 comprises, in this example, the coefficients 40 
c4 and c5 which are supplied to the signal processor 1 40 2. 
one audio sample period later than the coefficient subset 
134. 

Figure 6 is a schematic timing diagram illustrating 
the operation of the coefficient generator 1 30 and the sig- 45 
nal processor 140 of Figure 5. 

As in the case of Figure 4. the five multiply opera* 
tions required to generate a filtered output sample are 
split between two successive audio sample periods 1 70, 
1 72. In the sample period 1 70, multiply operations for the 50 3. 
coefficients c1 to c3 are performed using the sut)set 134 
of the current coefficient set (coefficient set n) generated 
by the coefficient generator 1 30. 

Between the sample periods 170 and 172. a clock 
pulse (CU) of the coefficient update clock 1 38 occurs so 55 
the subset 134 is updated to part of a new coefficient set 
n+1 . However, the updating of the subset 1 36 is delayed 
by the coefficient generator 130 so that coefficients c4 4. 
and cS from the coefficient set n are supplied to the signal 



processor 140 for use during the sample period 172. At 
the end of the sample period 1 72, the subset 136 is also 
updated to the coefficient set n+1 . 

The arrangement illustrated in Figures 5 and 6 
means that the coefficients used by the signal processor 
140 are updated "just in time" and so do not need to be 
delayed within the signal processor 140. This can be 
achieved in several different ways. For example, the coef- 
ficient generator 1 30 could incorporate single or multiple 
sample period delay elements in its output signal path. 
Alternatively, the coefficient generator 1 30 could operate 
in a pipelined teshion similar to the signal processor 1 40, 
so that only those coefficients (of the subset 134) which 
are required immediately are generated immediately, 
with the generation of the remaining coefficients being 
deferred by the appropriate number of sample periods. 
This has the additional advantage of reducing the 
processing requirements of the coefficient generator 
130. 



Digital filtering apparatus comprising: 

pipelined digital signal processing means for 
generating each output sample of an output digital 
signal from input samples of an input digital signal, 
by combining the input samples with a* plurality of 
subsets of a set of filter coefficients associated with 
that output sample during a respective plurality of 
sample periods of the input digital signal; and 

coefficient generating means for supplying 
sets of filter coefficients to the signal processing 
means in response to the current state of a filter con- 
trol signal; 

in which the coefficient, generating means is 
operable to supply the plurality of subsets of each 
set of filter coefficients to the signal processing 
means during the respective plurality of sample peri- 
ods of the input digital signal. 

Apparatus according to claim 1 , comprising: 

a filter control input device having a user- 
adjustable position or orientation; 

sampling means for sampling the position or 
orientation of the input device; and 

means for generating the filter control signal 
in dependence on a current sampled position or ori- 
entation of the input device. 

Apparatus according to claim 2, in which: 

the sampling means is operat^le to sample 
the position or orientation of the input device in 
response to clock pulses of a clocking signal; and 

the coefficient generating means is operable 
to generate sets of coefficients in response to the 
dock pulses of the clocking signal. 

Apparatus according to claim 3. comprising: 

a plurality of the filter control input devices; 
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10 



and in which: 

the sampling means is operable to sample 
the position or orientation of each of the filter control 
input devices; 

the means for generating is operable to gen- 
erate a plurality of filter control signals, each in 
response to a current sampled position or orienta- 
tion of a respective one of the filter control input 
devices; 
and 

the coefficient generating means is operable 
to generate a plurality of sets of filter coefficients in 
response to respective filter control signals and in 
response to each clock pulse of the clocking signal, 
the sets of filter coefficients being generated in at 
least two successive groups of sets. 

5. Apparatus according to any one of claims 2 to 4, in 
which the filter control signal is indicative of a 
required frequency response of the digital filtering 
apparatus. 

6. Apparatus according to any one of claims 2 to 6, in 
which the filter control signal is indicative of a 
required gain of the digital filtering apparatus. 

7. Digital filtering apparatus comprising: 

a filter control input device having a user- 
adjustable position or orientation; 

sampling means for sampling the position or 
orientation of the input device in response to clock 
pulses of a clocking signal; 

coefficient generating means for generating 
sets of filter coefficients in dependence on the sam- 
pled position or orientation of the input device and 
in response to the clock pulses of the clocking signal ; 
and 

digital signal processing means for generat- 
ing output samples of an output digital signal from 
input samples of an input digital signal using the filter 
coefficients generated by the coefficient generating 
means. 

8. Digital signal processing apparatus comprising: 

a plurality of control input devices, each hav- 
ing a user-adjustable position or orientation; 

sampling means operable to sample the posi- 
tion or orientation of each of the control input 
devices; 

means for generating a plurality of control sig- 
nals, each in response to a current sampled position 
or orientation of a respective one of the control input 

devices; 

coefficient generating means operable to 
generate a plurality of sets of processing control 
coefficients in response to respective control signals 
and in response to each clock pulse of a clocking 
signal, the sets of processing control coefficients 
being generated in at least two successive groups 



of sets; and 

signal processing means for processing an 
input digital signal in response to the sets of process- 
ing control coefficients, to generate an output digital 
5 signal. 

9. Apparatus according to any one of the preceding 
claims, in which: 

the input digital signal is a digital audio signal ; 

10 and 

the output digital signal is a digital audio sig- 
nal. 

10. An audio mixing console comprising apparatus 
15 according to claim 9. 

11 . A method of digital filtering comprising the steps of: 

generating each output sample of an output 
digital signal from input samples of an input digital 
20 signal by combining the input samples with a plural- 
ity of subsets of a set of filter coefficients associated 
with that output sample during a respective plurality 
of sample periods of the input digital signal; and 

supplying sets of filter coefficients to the sig- 
25 nal processing means in response to the current 
state of a filter control signal; 

in which the plurality of subsets of each set 
of filter coefficients are supplied to the signal 
processing means during the respective plurality of 
30 sample periods of the input digital signal. 

12. A method of digital filtering comprising the steps of: 

sampling the user-adjustable position or ori- 
entation of a filter control input device in response 
35 to Clock pulses of a clocking signal; 

generating sets of filter coefficients to the sig- 
nal processing means in dependence on the sam- 
pled position or orientation of the input device and 
in response to the clock pulses of the clocking signal ; 
40 and 

generating output samples of an output dig- 
ital signal from input samples of an input digital sig- 
nal using the filter coefficients generated by the 
coefficient generating means. 

45 

13. A method of digital signal processing, comprising 
the steps of: 

sampling the user-adjustable position or ori- 
entation of a plurality of control input devices; 
50 generating a plurality of control signals, each 

In response to a current sampled position or orien- 
tation of a respective one of the control Input 
devices; 

generating a plurality of sets of processing 
55 control coefficients in response to respective control 
signals and in response to each clock p>ulse of a 
clocking signal, the sets of processing control coef- 
ficients being generated in at least two successive 
groups of sets; and 
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processing an input digital signal in response 
to the sets of processing control coefficients, to gen- 
erate an output digital signal. 
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